Abstract The modification of titanium-based surfaces has been recently studied to accelerate the osseointegration process of endosseous implants. Indeed, bioabsorbable polymer veneers carrying antimicrobials or bone growth factors to the implant-bone interface could enhance such osseointegration process. The main aim of this work was to study the tribocorrosion behavior of veneering biodegradable poly(D,L-lactide) on titanium surfaces in an artificial saliva solution. Cylinders of Ti6Al4V were prepared by grit-blasting with 250-lm alumina particles followed by HF/HNO 3 etching technique to increase the roughness of the top surface. After surface modification and cleaning, the rough surface was covered with poly (D,L-lactic acid) (PDLLA) by spin-coating technique. Reciprocating sliding tests were performed against an alumina ball at a normal load of 0.5 N, a sliding frequency of 1 Hz, and linear displacement amplitude of 3 mm using a tribometer. The sliding tests associated to open-circuit potential (OCP) measurements were performed in artificial saliva solution to mimic the oral conditions for 60 min. After tribocorrosion tests, the worn surfaces were inspected by scanning electron microscopy. The results revealed a lower coefficient of friction (COF) on PDLLA than that recorded on Ti6Al4V. A protective effect of PDLLA against wear and corrosion of Ti6Al4V was noticed on the reciprocating sliding under OCP measurements for 60 min. Furthermore, a gradual degradation of PDLLA was detected, which could be useful in situ to release of therapeutic substances to be incorporated into the bioabsorbable polymer.
Introduction
Titanium and its alloys have been the first choice materials for implant systems and prosthetic structures in oral rehabilitation due to their properties such as low density (about 4.5 g/cm 3 ), low elastic modulus (110-140 GPa), high mechanical strength (tensile strength of about 950 MPa), high corrosive resistance, and also excellent biocompatibility [1] [2] [3] . In fact, the corrosion resistance and biocompatibility of titanium and its alloys are a consequence of a protective and compact thin film, based mainly on TiO 2 , formed on titanium surface. However, the titanium passive film can be destroyed in the presence of corrosive substances (e.g., fluorides) and/or wear in the oral cavity [4] . As a result, the release of metallic ions and oxide particles to surrounding environment due to degradation has a toxic potential to human tissues and, as a consequence, may induce chronic peri-implant inflammations that can develop bone loss and even subsequently implant loss [5] .
The modification of titanium surface by several techniques has been studied to improve biocompatibility and osseointegration [6, 7] . Various methods have been focusing to generate a rough implant surface by titanium plasma-spraying or grit-blasting with hard ceramic particles followed by acid etching treatment, named SLA method [8, 9] . Recent methods have focused on the bioactivity and wettability of the implants modifying the titanium surface with hydroxyapatite, beta-TCP-or Ca/Pbased coatings [8, 9] . Nowadays, such modifications involve electrochemical techniques such as anodization and other physicochemical processes. Novel techniques are proposed to modify the titanium implant surfaces with biomolecules such as growth factors (e.g., BMP, TGF-b, PDGF), adhesive proteins, or organic antimicrobials. However, those biomolecules can be detached due to the friction against bone during implant placement [8, 9] .
Synthetic or natural coatings based on polymers, glasses, or composites are tested on biomaterials based on titanium, stainless steel, and CoCr alloys for different applications ranging from engineering to medicine [10] [11] [12] . Such applications involve orthopedic or dental implants, electronic semiconductors, sport equipment, automotive, and aircraft structures. Considering biocompatible polymer veneers, the poly (D,L-lactic acid) (PDLLA) is a bioabsorbable polymer that can improve interactions at the implant-tissue interface acting as a locally drug-delivery system [6] . For instance, PDLLA can incorporate drugs (e.g., antimicrobials or growth factors) which can be continuously released at the implant-tissue area over a period of several weeks. Antimicrobials would reduce bacterial colonization at the implant-tissue interface while growth factors could accelerate the osseointegration process [6, [13] [14] [15] . Also, the veneering PDLLA to implant surface can decrease the friction between titanium and bone, reducing the temperature at the interface, as well as it can avoid the titanium degradation during implant placement. As a consequence, a decrease of titanium degradation prevents the release of metallic ions.
The processing route to cover metallic surfaces by coatings has a big influence on the adhesion and performance of the veneering biomaterial. The deposition of polymers on metallic substrate have been prepared using various methods such as thermal spraying [16] , painting, spinning, suspension spraying, electroplating, etc [17] . However, mechanical and microscopic analyses are required to evaluate the in vitro and in vivo performances of the polymer to metallic substrate interfaces. Regarding the fact that implants undergo friction against bone during placement, wear tests on polymer veneers immersed in simulated physiologic solutions are interesting to evaluate the simultaneous degradation by corrosion and wear. The combination of mechanical (wear) and electrochemical (corrosion) interactions on surfaces submitted to contact movement is a process known as tribocorrosion. This process causes irreversible transformation of a material. Biomaterials are vulnerable to this process, and most often there is a loss of material that can lead to failures and reduce the long-term success of these products [18] .
The main aim of this work was to study the tribocorrosion behavior of veneering biodegradable poly(D,L-lactide) on Ti6Al4V surfaces by reciprocating sliding tests in an artificial saliva solution. It was hypothesized that PDLLA could decrease the friction on Ti6Al4V surfaces during wear sliding.
Materials and Methods

Synthesis of the Samples
Thirty cylindrical samples (8 mm diameter and 4 mm thick) were cut from Ti6Al4V (VSMPO TIRUS, US, ASTM B 348, Grade V) bars and wet ground on SiC abrasive papers down to 1200 mesh. After grinding, the samples were ultrasonically cleaned in isopropyl alcohol for 10 min and distilled water in a desiccator for 24 h before performing tribocorrosion tests.
The metallic substrate surface was air braded with alumina particles (*250 lm) with an impact angle of 908 under a pressure of 5 bar at a distance of 80 mm from the surface to obtain a rough surface, accordingly to the procedures reported by previous studies [9, 16, 19, 23] . In fact, the grit-blasting procedure increases the surface area to the interlocking of PDLLA [16] . All blasting parameters were kept constant in order to guarantee similarity of surface roughness between all samples before deposition of the polymer veneer. After grit-blasting, samples were ultrasonically cleaned in isopropyl alcohol during 15 min and then in distilled water for 15 min. Then, the substrates were modified by etching procedure by using Kroll's reagent (100 ml H 2 O, 6 ml HNO 3 , 3 ml HF) under ultrasonic vibration at 100°C for 10 min in order to remove residual alumina particles from the surfaces [9, 16, 19, 23] . Also, etching was used to promote a nanoroughness leading to a higher interlocking of PDLLA [16] . After etching treatment, the samples were cleaned using the same procedure as previously mentioned.
The modified titanium surfaces were coated with poly (D,L-lactide), -(C 6 H 8 O 4 )n-, (PDLLA, Resomer R203, Bioenhringer, Ingelheim, Germany) by using spin-coating technique. For spin coating, 2 g PDLLA powder (45 lm particle size and molecular weight at 29,500 Da) was previously dissolved in 200 ml chloroform under stirring for 12 h to obtain a homogenous polymeric suspension. The spin coating was performed at 2750 rpm for 20 s. Finally, the specimens were dried at room temperature in a laminar flow chamber for 24 h. The roughness of the samples was measured using an optical profilometer (DektakXT, Profilometer, Germany) Ti6Al4V. The veneering PDLLA to Ti6Al4V surfaces showed Ra roughness values at 0.5 lm ± 0.03, while Ti6Al4V revealed Ra roughness values at 1.1 lm ± 0.2. Uncoated Ti6Al4V samples were used as control group.
Tribocorrosion Tests
For the tribocorrosion tests, a reciprocating ball-on-plate tribometer (Bruker-UMT-2, USA) was used (Fig. 1 ). An alumina ball with 10 mm diameter (Al 2 O 3 , Goodfellow, USA) was used as counterbody. The samples were mounted in an acrylic electrochemical cell attached to the tribometer. The tribocorrosion tests were carried out into 30 ml Fusayama's artificial saliva at 37°C, mimicking the temperature and electrochemical behavior of the oral cavity [4, 5, 18, 20] . The composition of the modified Fusayama's artificial saliva used in this study is shown in Table 1 .
Before starting the reciprocating sliding tests, the opencircuit potential (OCP) was recorded on Ti6Al4V for 60 min using a potentiostat/galvanostat (Gamry 600, USA). A standard two-electrode electrochemical cell was used for the electrochemical measurements, whereas saturated calomel electrode (SCE) was used as the reference electrode and the samples used as the working electrode (exposed area of 0.5 cm 2 ) at a normal load of 0.5 N, at a sliding frequency of 1 Hz, and with a linear displacement amplitude of 3 mm under OCP measurement for 20 min, corresponding to 1200 cycles. One set of each test condition was repeated five times (n = 5). After reciprocating sliding testing, the weight loss of the samples was measured by gravimetric analysis.
Microscopic Analysis
After tribocorrosion tests, samples were ultrasonically cleaned, and the worn surfaces were inspected by Optical Microscopy (Leica DM 2500 M, Leica Microsystems, Germany). Also, Ti6Al4V and PDLLA-to-Ti6Al4V samples were embedded in an acrylic resin and cross-sectioned at angles of 90 o relative to the interface plane. The cross-sectioning was prepared by wet grinding on SiC paper down to 1200 Mesh followed by polishing with colloidal silica (OPS, diameter of 0.04 lm). The cross-sectioned samples were analyzed by scanning electron microscopy (SEM, JEOL JSM-6390LV, USA) coupled to energy dispersive X-ray spectroscopy (EDX). Polymeric surfaces were sputtercoated with Gold-Palladium before SEM analyses.
Results and Discussion
Tribocorrosion Measurements
The evolution of OCP before, during, and after sliding for uncoated Ti6Al4V or Ti6Al4V covered with PDLLA are shown in Fig. 2 . Fig. 1 Schematics of the experimental set up used for tribocorrosion tests Before sliding tests, the OCP of Ti6Al4V immersed in artificial saliva stabilized at quite constant values of about -270 mV vs. SCE. That indicates the presence of a passive film on the Ti6Al4V surface. Once stabilization was achieved, sliding tests were started (Fig. 2) . When the alumina ball was loaded onto that passive film and sliding was started, an abrupt drop in the OCP curve was noticed. That indicated the destruction of the passive titanium film named depassivation exposing the fresh active titanium in the wear track. Thus, a galvanic couple was established between worn and unworn areas in contact with the test solutions as reported by previous studies [4, 5, 18, 21, 22] . At the start of sliding, the OCP measured is a mixed potential value of which depends on the state of undamaged and damaged materials. Then, the OCP decreased to value that was maintained during the entire test indicating that active titanium reacts with the surrounding solution. During the sliding period, the material is not able to recover its protective passive film while the mechanical action of the reciprocating sliding alumina ball was in course. After unloading, the OCP immediately increased to initial values following from re-growth of a passive film on Ti6Al4V in the wear track. That phenomenon is named repassivation (Fig. 2) .
The evolution of OCP curve revealed a different behavior on Ti6Al4V coated by PDLLA (Fig. 2) . The OCP recorded on PDLLA/Ti6Al4V was not altered during the first 9 min due to the sliding. The PDLLA layer protected the Ti6Al4V against wear and corrosion, as confirmed by the stable OCP values at around -140 mV vs. SCE. However, an abrupt drop in the OCP curve also occurred after 9 min, corresponding to approximately 540 cycles of sliding. The OCP values decreased down to about -200 mV vs. SCE and then slightly increased during sliding tests. The decrease of OCP values indicated partial destruction of PDLLA in the wear track and then the destruction of the passive titanium film. However, that exposed a smaller fresh active Ti6Al4V area in the wear track compared to the uncoated Ti6Al4V substrate. In fact, the mixed OCP recorded on PDLLA/Ti6Al4V was associated with a less intense galvanic coupling established between worn and unworn areas in contact with the test solutions. After unloading, the OCP slightly increased following the repassivation (Fig. 2) .
The evolution of the coefficient of friction (COF) during sliding for uncoated Ti6Al4V or Ti6Al4V coated by PDLLA against Al 2 O 3 immersed in artificial saliva at 37°C is shown in Fig. 3 .
As shown in Fig. 3 , the COF achieved a steady state during sliding tests for both uncoated Ti6Al4V and Ti6Al4V coated by PDLLA. Nevertheless, the COF recorded on Ti6Al4V (0.7 ± 0.2) was significantly higher than that on veneering PDLLA to Ti6Al4V (0.36 ± 0.1).
The COF values recorded on Ti6Al4V in this study is similar to those found for titanium sliding in aqueous medium [25] . A slight increase of COF was noticed on the veneering PDLLA to Ti6Al4V, that is associated with the gradual and partial destruction of the PDLLA coating in the wear track during sliding test (Fig. 3) . However, the PDLLA can be transferred to the alumina counterface that protected the Ti6Al4V against wear, as noted on the recorded COF values.
The lower COF noticed for the covered samples can be explained by the self-lubricating capacity of the polymers in general, decreasing the friction and wear [17, [24] [25] [26] [27] . Previous studies have reported the tribological behavior of lubricating film of polymers such as UHMWPE; material transfers from UHMWPE to the counter face thus leading to the formation of self-lubricated surfaces. This self-lubricating capacity of the polymers can reduce the COF and then clinically decrease the wear of contacting surfaces of prostheses and implant joints. All tests demonstrated a much lower friction coefficient and, consequently, a lower wear rate in lubricated sliding than in dry-sliding condition. In our study, the veneering PDLLA supported 9 min of sliding against an alumina ball on 0.5 N in artificial saliva solution. PDDLA revealed a low friction that can be interesting to support the torquing during the dental implant placement into the bone tissue.
A higher number of oscillations of COF was noticed on uncoated Ti6Al4V than that on PDLLA/Ti6Al4V. The oscillations in the COF during sliding tests can be induced by the abrasive effect of wear debris destroying periodically the titanium surface in the wear track [4, 5, 18, 21, 22] . The wear noted on Ti6Al4V in artificial saliva, as tested in our study, is in accordance with the model proposed by Landolt et al. [22] . Thus, the detachment of titanium layers and then the ejection of wear debris act like third-body particles in sliding tracks, that may promote oscillations of the COF as previously reported in literature [4, 5, 18, 21, 22] . The titanium can be transferred to the alumina counterface; or else, the detached titanium layers and wear debris can be deposited onto the titanium substrate.
Morphologic Aspects of Test Sample Surfaces
After Sliding
The micrographs of the wear tracks after the tribocorrosion tests are shown in Fig. 4 . Micrographs of the worn areas after sliding revealed a rougher morphologic aspect of Ti6Al4 V than on PDLLA surfaces (Fig. 4a, b) . A higher level of degradation occurred on uncoated Ti6Al4V surfaces which corroborates with OCP and COF results (Figs. 2 and 3) . Regarding wear mechanisms, plastic deformation and groves aligned along the sliding displacement direction were detected on the Ti6Al4V damaged surface as a consequence of adhesive wear (Fig. 4a) . Cracks at the Ti6Al4V subsurface were also noticed by SEM analyses of the cross-sectioned samples (Fig. 4c) . Those cracks were a consequence of the sliding in the wear track generating wear debris, as reported by previous studies [4, 5, 18, 21, 22] .
On the cross-sectioned PDLLA/Ti6Al4V assemblies, the PDLLA coating before sliding tests is shown in Fig. 4d. The thickness of the PDLLA coating was around 50 lm. After tribocorrosion, PDLLA was detached from the titanium surface, and therefore, the titanium surface was destroyed in the wear track, as seen in Fig. 4e . The tribocorrosion behavior of PDLLA against alumina in presence of artificial saliva was mainly determined by smooth abrasion of the polymeric surface, resulting in low OCP values combined with low friction and wear. In fact, PDLLA acted as a protective barrier decreasing the corrosion and wear of titanium. Nevertheless, the loading and time of sliding determine the removal of PDLLA from titanium surface.
Surface polymeric coatings are commonly used in tribological applications in order to decrease friction and wear of the contacting materials [25] . Considering the possible in vivo conditions of implant placement in bone, the friction and speed of implant torquing should be low to decrease the temperature on bone avoiding tissue necrosis. Also, the time of implant placement is about few minutes that could not affect the detachment of a PDLLA coating, as seen in our study. However, the loading can also determine the detachment of the PDLLA. The PDLLA coatings can become a potential coating on dental implants considering protection against the friction and wear during implant torquing into the bone tissue [4] . In addition, the PDLLA is a bio-absorbable material that can release drugs such as antimicrobials or osteogenic growth factors. Such drugs can accelerate the osseointegration process concerning their influence on inflammation control, migration of osteogenic cells and bone formation around implants [6] [7] [8] [9] [10] . 
Conclusions
The present work evaluated the simultaneous degradation by corrosion and wear of veneering PDLLA to Ti6Al4V in an artificial saliva solution. The results on the COF indicated a lower friction on PDLLA/Ti6Al4V than that on uncoated Ti6Al4V. In fact, PDLLA acted as a protective barrier decreasing the corrosion and wear of titanium. Notwithstanding, the loading and time of sliding determine the removal of PDLLA from titanium surface. Considering the time of protection provided by PDLLA, this bioabsorbable polymer could act as a lubricant layer coating titanium implants during its placement into bone. Then, the PDLLA might remain on implant surface being gradually absorbed during the osseointegration process.
